ABSTRACT Full electrification of large ports and intelligent energy networks compose a very promising solution, not only for limiting the in-port greenhouse gas emissions but also for the improvement of their efficiency and electric power system operation support. Large ports comprise a variety of flexible loads like refrigerated containers, electric vehicles, onshore electric power supply to ships at berth, and so on, while they usually have great potential for local energy generation from renewable energy resources, like offshore wind, tides, waves, and so on. Smart grids can be proved very efficient in increasing port power demand flexibility and controllability. The main goal of this paper is to propose an innovative decentralized demand response method that eventually turns a port comprising flexible loads and power generation from renewable energy sources to a prosumer Microgrid. The proposed method is applied to a realistic case study of a large port comprising a large number of flexible loads and one offshore wind park. The efficiency of the proposed method is evaluated by detailed simulations.
I. INTRODUCTION
Port energy systems change rapidly and become more complex while, at the same time, they have to face critical challenges regarding their sustainability, controllability and environmental impact. More specifically, according to 20-20-20 goals ports have to improve their energy efficiency and at the same time control greenhouse gas (GHG) emissions [1] - [3] . In this view, ports must plan and manage their operations [4] , [5] to attain the target of limited environmental impact and cope with their continuously increased interactions with the adjacent areas.
Ports and the surrounding areas are major energy consumers and polluters as they host many energy intensive processes [3] , [6] . Extended electrification of future ports is a very promising solution not only for limiting GHG emissions but also lowering the operation cost, improving their efficiency and sustainability. Moreover, ports usually have great potential for local energy generation from renewable energy resources, like offshore wind, tides, waves etc. that can be proved very efficient means to achieve the above goals.
In large commercial ports, significant amounts of electric power are consumed by refrigerated containers called ''reefers''. The energy required to refrigerate reefers' content consists a major part of the total port energy consumption [9] . Despite the fact that reefers are very flexible loads their flexibility has not been extensively exploited, yet [10] . Remarkable work on the analysis and investigation of cold storage exploitation in large ports has been done in the framework of the research project E-harbours [11] . Moreover, the application of smart energy networks in large ports is investigated and results of demand response audits in the port of Antwerp are also reported in the same project [11] .
Electrification of transportation in ports can lead to a more sustainable port environment. Hosting parking lots of electric vehicles (EVs) in large ports will provide more flexibility in their power demand by efficiently control EVs charging and possibly discharging and it will reduce in-port GHG emissions due to the replacement of transportation means using internal combustion engines [12] - [18] .
However, the increasing electrification of a port and volatile power production from renewable energy sources (RES) will pose high demands on the operation of the electric power system [3] , [6] - [8] . Drastic measures should be taken in order to mitigate problems in electric power system operation caused by the highly volatile power exchange between the port and the electric system. Smart demand response might be an efficient solution to this problem. To this end, port power demand should be properly adjusted in order to control the net port power production or consumption and eventually turn it to a prosumer microgrid [19] , [20] .
The increased complexity of a large port power system is a major operation constraint. This becomes apparent by considering a large port comprising some thousands of loads of different types. Decentralized control systems provide an efficient solution in such complex systems as most of the required computations are performed locally [13] , [16] . A Multi-Agent System (MAS) is adopted in the examined problem. The driver to choose MAS was that they are able to achieve optimization objectives in very complex systems that might be difficult to attain with a centralized controller. The proposed MAS comprises different types of agents with main goal to control appropriately the flexible part of port load in order to cancel large power variations caused by RES exploitation.
The structure of the paper is briefly presented next. In Section II, the structure of future port power systems is briefly presented. In Section III, the proposed control system is described and the formulation of the control problem to be solved is given in Section IV. Information about the implementation of the method is provided in Section V. In Section VI, ways to exploit the proposed method and future work on the issue are discussed. In Section VII, the proposed method is applied to a realistic case study representing a large port and the obtained simulation results are presented and evaluated. Finally, general conclusions are drawn in Section VIII.
II. FUTURE PORT ELECTRIC POWER SYSTEMS
A considerable share of port electric power demand corresponds to the electric power consumed by reefers. Reefers stay in the port for approximately two-three days and they consume electric power to preserve their temperaturesensitive cargo. When a well-insulated reefer is switched off, its internal temperature increases approximately by 1 • C per 9 hours [21] , [22] . Nominal power consumption of a typical reefer is approximately 10kW, while its average utilization factor ranges between 0.3 and 0.4 [23] . Hence, some thousands of reefers hosted in a large port can draw a maximum power amounting to several MWs.
It becomes apparent from the above that reefers are very flexible loads and can be easily shifted in time. However, some technical issues should be resolved. The most significant is that every reefer should be fitted with a bidirectional communication system and appropriate software that will be able to perform small scale local calculations. In this paper, an agent is assigned at each reefer to control its state of operation in order to appropriately control its power consumption and maintain at the same time cargo temperature within the appropriate range.
The replacement of all vehicles with internal combustion engines used in a port (e.g. cars, forklifts, etc.) by EVs can significantly contribute to the limitation of in-port carbon emissions. Except from the EVs used in port operations more EVs can be hosted as ports usually have plenty of unused space that can be used as parking lots for EVs from the surrounding area. Hence, the coordinated exploitation of significant electric energy storage capacity inside the port will be possible in the near future. Therefore, large ports of the future will be able provide substantial portions of demand flexibility by controlling the charging and discharging of the hosted EVs [12] , [16] , [17] .
Next to the above loads, ports comprise several other types of loads. Among these loads, port cranes are significant energy consumers [10] . Cranes are equipped with their own electrical generators. Their connection to the electricity supply system is possible as it will help in GHG emissions limitation. However, they are considered most appropriate to provide very short-time flexibility as their operation is imposed to strict time constraints [10] . Lighting is also an energy-intensive load that however provides limited flexibility. A variety of buildings with different demand profiles may also exist in a port. Building energy management systems that can optimally control energy intensive operations are already available, but their incorporation in the proposed power method is out of the purposes of this paper. Hence, port cranes, lighting and port buildings are considered in this study as inelastic loads.
During ship's berthing considerable amounts of energy are needed to complete several energy intensive processes like loading, unloading, cooling reefers, hoteling etc. This energy is provided by ship's auxiliary machines which however produce increased GHG emissions deteriorating the air quality inside the port and the surrounding area. In the near future, the in-port ship emissions can be reduced drastically by exploiting the shore to ship power supply facility, usually known as ''cold ironing'' [24] - [31] . If green energy (e.g. from renewables) to supply ship electric power demand is used then the final benefit would be even bigger [27] . Hence, ports will have to invest in electric power production technologies exploiting RES. The exploitation of off-shore wind power capacity that may be available nearby the port is expected to be a very efficient solution. However, wind power is characterized by high volatility that poses high demands on the operation of the electric power system [3] , [6] . Hence, appropriate measures should be applied to directly or indirectly control wind park power production, thus, limiting possible repercussions to the electric network from its volatility. To do so, suitable control methods like the one presented in this paper as well as very short-term forecasting techniques should be exploited.
III. MULTI AGENT SYSTEM STRUCTURE
The structure of the proposed port power demand control system is shown in Fig. 1 . The examined control system is based on MAS technology. The communication signals exchanged by the agents and the time sequence they take place are also shown in the same figure. According to the adopted concept the agents can be categorized into three major types; local agents that are responsible to represent a single component of port power system, cluster agents that are responsible to aggregate the responses of a cluster of agents and also send command signals to local agents, and aggregation agents that are mainly responsible to aggregate the responses they receive from the cluster agents they supervise. Next, the operation of each type of agent is briefly described.
Port Manager Agent (PM/A) is the agent placed higher in the hierarchy. PM/A receives the aggregated responses from all local agents via aggregation and cluster agents and also information from wind park agent WP/A including the desired and the forecasted actual power production over the next time interval. PM/A is responsible to process the gathered information and then calculate a marginal flexibility such that every port load with a higher flexibility should change its operation state according to the needs of the port. PM/A is designed to provoke suitable change of port power demand that will virtually cancel the difference between the forecasted actual wind power production and its set-point (desired wind power production).
Wind Park Agent (WP/A) communicates directly with PM/A. In the proposed method, WP/A is responsible for defining wind park operation set-point and also performing very short-term power production forecast one minute before the actual production takes place. Moreover, WP/A sends the above information to PM/A at every control time interval (one-minute time intervals have been used in this study).
Cluster of Reefers Agent (CR/A) and Cluster of Plugged-in Electric Vehicles Agent (CPEV/A) are agents hierarchically placed just above the agents assigned to each reefer and PEV. They are usually located at MV/LV transformers that supply exclusively clusters of reefers or PEVs and provide mainly ancillary communication and aggregation services. CR/As and CPEV/As aggregate the responses received by the reefers and PEVs in the areas they control and form the flexibilitychange of power demand curve for the cluster they control. Then, the calculated flexibility-change of power demand curve is forwarded to the upstream aggregation agents. Moreover, CR/As and CPEV/As define the operation state for every reefer and PEV they supervise according to the marginal flexibility estimated by the PM/A. Afterwards, they send the respective command signals to the agents assigned at each reefer and PEV inside their cluster.
Reefers' Aggregation Agent (RA/A) and PEVs' Aggregation Agents (PEVA/A) are placed one level under PM/A in the proposed MAS hierarchical structure. Except from providing VOLUME 5, 2017 communication services they aggregate the flexibility-change of power demand curves they receive from all clusters of reefers and PEVs they supervise. Moreover, they forward the marginal flexibility received by PM/A to cluster agents. It is noted that one type of aggregation agents could have been used instead of two as they process the same type of data. However, it is preferred to use two types as the aggregation agents are expected to supervise the same type of cluster agents (CR/As, CPEV/As) due to their spatial proximity. It is also noted that the adoption of two aggregation layers reduces the required communication range and increases the reliability of the proposed control system. Although one aggregation layer could have been used it would not be the most reliable solution for large port power systems.
Reefer Agent (R/A) and Plugged-in Electric Vehicle Agent (PEV/A) are responsible for the modeling of the operation of the reefer and PEV they control. They estimate the flexibility of reefers and PEVs to change their power demand according to the needs of the port. R/A and PEV/A comprise the necessary computation facilities to run fast enough models simulating the behavior of the components they represent with the necessary accuracy. The calculated flexibility and the respective change of power demand are then sent to the CR/As and CPEV/As.
The port power demand control problem solved by the cooperative operation of the above agents is formulated and described in the following section.
IV. FORMULATION OF THE PROBLEM A. REEFER AGENT (R/A)
The model described in this paragraph is used by each reefer agent for the estimation of the variation of reefer internal temperature in terms of its operation status and ambient temperature [23] . The results obtained by the temperature model are next used to estimate the flexibility of the reefer to change its state of operation and consequently its power demand.
When the i-th reefer is switched-off the increase of its internal temperature over time t is estimated by (1) [23] .
Where, T (i,t) in • C is the measured internal temperature of the i-th reefer at time t, t in s, is the time without refrigeration,T (i, t + t) in • C, is the estimated internal temperature of the i-th reefer at time t + t, T amb in • C, is the difference of the ambient from the internal temperature of the reefer, A in m 2 , is the outer surface area of the container,k in W/m 2 · K, is the estimated heat transition coefficient of the container,m in kg, is the estimated mass of reefer's content,ĉ p in kJ/kg · K, is the estimated specific heat capacity of reefer's content and e T (i, t + t) is the estimation error of the i-th reefer's internal temperature at time t + t.
During a refrigeration period of duration t the temperature decrease is estimated by (2) [23] .
Where, t in s, is the duration of the refrigeration period, T (i, t + t) in • C, is the estimated internal temperature of the i-th reefer at time t + t, P R in kW, is the refrigerating power provided to reefer's content, e T (i, t + t) is the estimation error of the i-th reefer's internal temperature at time t + t.
The model proposed in (1) and (2) is accurate enough for the purposes of this work as it used for very short-term estimations. Hence, the obtained errors will be very small and will have even smaller effect on flexibility estimation. Moreover, it is noted that the way the proposed method is developed does not depend on the type of internal temperature estimation model and it can be easily replaced by any other temperature variation estimation model, if necessary.
Assuming that the content of the i-th reefer is maintained above the minimum temperature T min and below the maximum temperature T max the flexibility of the reefer to change its operation state is defined in this paper as,
Where, OS is reefer operation state (OS = 1 if it is switched-on and OS = 0 if it is switched-off), t →On is the last time the reefer was switched-on, t →Off is the last time the reefer was switched-off, t on,min is the minimum time the reefer should be continuously switched-on and t off,min is the minimum time the reefer should be continuously switched-off.
R/A provides as output the flexibility of the reefer to change its state of operation and the resulting power demand change. The possible change of the electric power demand of the i-th reefer is obtained as in the following,
Where, P e,R (i, t) is the electric power consumed by the i-th reefer at time t.
B. PLUGGED-IN ELECTRIC VEHICLE AGENT (PEV/A)
PEV dynamics during charging and discharging modes of operation are described next.
When the i-th PEV is charging for time t then the state of charge of its battery is estimated by,
Similarly, the state of charge of PEV's battery during discharging mode of operation is calculated by,
Where, SoC(i,t) in kWh, is the measured state of charge of the i-th PEV's battery at time t, SôC (i, t + t) in kWh, is the estimated state of charge of the i-th PEV's battery at time t + t, P PEV is the electric power exchanged by the PEV and the electric grid,n ch andn dis are the estimated charging and discharging efficiencies, respectively, and e SoC (i, t + t) is the estimation error of the i-th PEV's SoC.
The model used for SoC estimation is linear; however, it is very accurate for very short-term estimations. Hence, SoC estimation errors are expected to be very small and their effect in PEV flexibility estimation even smaller. Although more complex models than the one used in this paper are available, it is considered the most appropriate for the purposes of this study.
Moreover, it is noted that the values of the above model parameters are estimated and might be slightly different from the actual ones. However, the induced errors in flexibility estimation are expected to be small as the models are used for very short-term estimations. However, parameter estimators minimizing the estimation errors over a time horizon could be used. This issue is out of the purposes of the paper and is discussed as a future work in Section VI.
Assuming that the state of charge of the i-th PEV is within the allowable range then the estimated flexibility of a PEV to change its power demand is defined in this paper as,
Where, SoC max (i) in kWh is the maximum energy can be stored by the i-th PEV, P PEV (i) denotes the power demand change offered by the i-th PEV.
Five PEV operation states are considered in this study. The permitted transitions between the operation states are shown in Fig. 2 . The operation states are briefly presented next.
1) State1
.PEV injects to the electric network the technically maximum power. 2) State2. PEV injects to the grid amount of power equal to the one it was scheduled to absorb. 3) State3. PEV does not exchange power with the electric network. 4) State4. PEV absorbs amount of power according to its scheduled operation. 5) State5. PEV absorbs from the electric network the technically maximum power. The adopted set of PEV operation states is indicative. PEV operation states used in this study lead to satisfactory PEV operational flexibility as proved by the simulation results presented in Section VII. However, the proposed set of operation states can be easily changed e.g. more or less operation states can be applied if this is required by the operator of the port or the characteristics of PEV charging system.
PEV/A provides as output the flexibility of the controlled PEV to change its power demand and the available power demand change. The possible change of the power demand of the i-th PEV is obtained as in the following,
Where, s(t) denotes PEV operation state at time t, P PEV (i, s(t + 1)) and P PEV (i, s(t)) in kW, denote the power the PEV exchanges with the grid at time t + 1 and t if its operation state is s(t + 1) and s(t), respectively.
C. WIND PARK AGENT (WP/A)
In this paper classical ARX models are used for very shortterm wind power forecasting [32] , [33] . ARX models are preferred in this study as they have been proved very accurate for this type of wind power prediction. In this study, they will be used for one-minute ahead forecasting. The ARX model used for this purpose is shown next:
Where, z −1 is the backward shift operator, U is the input vector of the model, n a , n k are integers denoting time delays applied to the inputs and outputs and e(t) is the output noise. This formulation is referred to as an output-error model because no specific model of the noise properties is built.
In our case, U comprises measurements of wind speed in wind park area and Y, the measurements of the power produced by the wind park. The above model is used to forecast the power produced by the wind park one minute before it takes place. Classical system identification techniques can be applied to the available set of measurements in order to estimate the parameter vectors A(z) and B(z) of the wind park model, and then use them for wind park power generation forecast over the next time interval. The process could be dynamic as the used set of data can be updated in real-time and then vectors A(z), B(z) be appropriately adjusted.
WP/A also calculates the desired power production according to the criteria set by port operator. In this study, a limit on the rate of change of wind power production is applied or the set-point is derived as the forecast of the average power production over the next hour. Finally, WP/A sends wind park power production forecasting and the desired wind park production (set-point) to the PM/A.
D. CLUSTER AND AGGREGATION AGENTS OF REEFERS AND PLUGGED-IN ELECTRIC VEHICLES
CR/As and CPEV/As gather the responses of the reefers and PEVs in the areas they control and they aggregate them into one flexibility-change of power demand curve. Similarly, RA/As and PEVA/As aggregate the responses of CR/As and CPEV/As they supervise into one flexibility-change of power demand curve for all reefers and PEVs hosted in the port.
The aggregation process is performed by sampling the flexibility-change of power demand curves at specific values of flexibility and then adding the resulting changes of power demands. Sampling is performed by a simple interpolation process. In this study, a flexibility step of 0.0025 is used for sampling. The aggregation of the flexibility-change of power demand curves is synopsized in (12) and (13) .
The sampling of the i-th flexibility-change of power demand curves is done as it follows,
Where, f s is the sampled flexibility, f − s , f + s denote the next smaller and bigger flexibility values than f s , respectively, and P(f s ) is the resulting available change of power demand that can be achieved from flexible loads with flexibility larger than f s .
The aggregation of N flexibility-change of power demand curves is done by adding the sampled values of the resulting available changes of power demand, as shown in (13) .
Where, P i (f s ) is the available change of power demand obtained by the i-th flexibility curve and can be achieved by loads with flexibility larger than f s .
E. PORT MANAGER AGENT (PM/A)
PM/A receives the aggregated responses from RA/As, PEVA/As and is responsible to define a marginal flexibility such that the suitable change of the operation state of loads with larger flexibility will fulfil PM/A operation goal. This is achieved by taking into account the aggregated flexibility curves of reefers and PEVs, the forecasted wind park power production and its set point.
First, PM/A calculates how much the power demand of the port should change in order to cancel the deviation of the forecasted wind park power production from its set-point.
This is done according to the next equation.
P port (t + t) = P * wind (t + t) − P wind (t + t) (14) Where, P * wind (t + t) is wind park power production setpoint at time t + t and P wind (t + t) is the forecasted wind park power production at t + t. It is reminded that P wind (t + t) and P * wind (t + t) are calculated by WP/A. The set-point of the power consumed by the reefers' and PEVs' at time t + t is then derived by adding to their scheduled consumption the required deviation to cancel the deviation of wind park power production forecast from its reference.
P * reefers,PEVS (t + t) =P reefers,PEVS (t) +
Where, P * reefers,PEVS (t + t) is the set-point of total power demand of reefers and PEVs at the next time interval and P reefers,PEVS (t) is the scheduled power demand of reefers and PEVs without the application of the proposed control method.
The change of the total power consumed by the reefers and PEVs required for the cancelation of wind power production from its set-point is calculated as it follows,
Where, P(t+ t) is the required change of the total power consumed by reefers and PEVs, P reefers (t) is the actual power demand of all reefers at time t, P PEVs (t) is the actual power demand of all PEVs at time t. In Fig. 3 , typical aggregated flexibility curves of reefers and PEVs are shown. Flexibility curves plotted with dashed lines are constructed by offers received from reefers and PEVs corresponding to power demand decrease.
According to flexibility-change of power demand curves of Fig. 3 , if the reefers or PEVs with flexibility to change their power demand larger than f are ordered to change their power demand then their total power demand will change by P 1 (f ) or P 1 (f ) and P 2 (f ) or P 2 (f ), respectively. P 1 (f ) and P 2 (f ) correspond to negative change of total power demand by reefers and PEVs, respectively.
According to the analysis provided above, the examined control problem is reduced to estimate a flexibility f d such that, if reefers and PEVs with flexibility larger than f d are ordered to change their power demand according to their offers then the resulting total power demand change will amount to P calculated in (16) .
In order to calculate the desired flexibility level, f d , flexibility-power demand change curves received from RA/A and PEV/A are aggregated into one curve. Afterwards, the flexibility level, f d , that corresponds to total power demand change P obtained in (16) , is calculated. PM/A sends marginal flexibility value f d to aggregation agents, which in turn, forward it to cluster agents. Finally, cluster agents send appropriate signals to all reefers and PEVs with flexibility larger than f d to change their power demands according to their offers.
It is noted that the problem of the port power demand control described above is a constrained, non-linear control problem involving several thousands of decision variables and constraints. The solution of this problem using a centralized algorithm is practically impossible with usual computing facilities. The proposed method provides solution in very short times as the whole problem is reduced to many small-scale local problems that are solved by the respective agents while only three communication rounds have to be done (please see Fig. 1 ) by the different types of agents in order to complete the control process.
V. DISCUSSION ON THE SIMULATION AND IMPLEMENTATION OF THE PROPOSED METHOD
The solution of the control problem described above is finally reduced to the simulation process shown in Fig. 4 . The development of the different types of agent models and their integration into the hierarchical structure of Fig. 1 was performed by using Matlab code and Matlab specialized functions.
Depending on the size and the complexity of the examined port power system several CR/As and CPEV/As can be created. The number and the size of the clusters depend mainly on the topology and complexity of the examined port power system. The distributed computation of port load flexibilities reduces the required amount of data exchanged by the agents.
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The proposed control concept requires a two-way communication. Moreover, the adopted communication should be reliable and secure with relatively low delays. A variety of communication technologies i.e., Power Line Communication, DSL, GPRS, Wi-Fi, etc. can be exploited. The suitability, ease and cost of implementation, security and availability are among the main considerations when deciding about which communication technology that should be used. The main advantages and disadvantages of various communication technologies can be found in [34] .
Power line communication is widely used in smart metering. However, it is characterized by low-bandwidth communication channels and short data transmission range. Power line communication could be used at the lowest layers of the proposed MAS. DSL could be a solution as it is widespread, is of low cost and is characterized by high bandwidth data transmission. Two main drawbacks of DSL are reliability and security problems that might occur. GPRS technology is widely available, requires low implementation cost; however, it is characterized by high operation cost. GPRS operation cost can be limited if it is used in combination with other communication technologies.
From the mentioned above, it is concluded that the proposed structure of the port power demand control system does not pose any limitation in its implementation while it does not a priori exclude the application of any communication technology.
VI. EXPLOITATION OF THE METHOD, FUTURE WORK
The proposed port control method can be exploited in many ways. The most significant are listed next.
1) Mitigation of port electric power consumption/generation fast variations; thus, enhancing the quality and reliability of the operation of the local electric network.
2) Avoidance of port electric feeders overloading when excessive port power production or consumption occurs.
3) Exploitation of the proposed method in providing ancillary services to the electric power system. Frequency support in weak electric power systems or systems with high penetration of RES is expected to be among the most important ancillary services.
4) Exploitation of the proposed method in the implementation of port operation day-ahead schedule (DAS).
A more thorough insight of how the proposed method can be exploited in frequency support and port operation DAS is provided next.
A simplified model of power system automatic generation control system integrated with port power demand response to frequency deviations is shown in Fig. 5 [35] . In this simplified approach, all generators of the power system are assumed to be aggregated into one equivalent generator. The examined system comprises primary (proportional term 1/R) and secondary (integral term K i /s) frequency control. G H , G T and G p are transfer functions representing the hydraulic valve actuator of the speed governor, the turbine and the inertial response of the power system, respectively. Moreover, it is assumed that the electric power system of the port is able to support power system frequency by adjusting its power demand with respect to the measured frequency deviation f according to (17) .
Where, P Port in p.u., is port electric power demand adjustment due to frequency deviation f (in p.u.) and R p is the droop parameter of the electric power demand-frequency curve used for the port power system. The nominal value of power system frequency is assumed 50Hz. This is a simplified model for the simulation of power system frequency deviation due to occurred load changes. However, it is appropriate for the evaluation of the capacity of the proposed control method in providing frequency support. Relative simulation results are presented in Section VII. It is noted that when the proposed real-time controller is used for primary frequency control the time intervals between successive adjustments of port power demand should be short enough, i.e. of one-two secs duration. This can be attainable as the proposed method does not require time consuming calculations and if communication technology with relatively low latencies is used.
The way that the proposed method can be exploited in the final stage of port operation DAS is shown in Fig. 6 .
The real-time controller of the port power demand is virtually the tool that enables the implementation of power demand setpoints obtained by port operation DAS. DAS requires lot of information relying on forecasted data like, hourly electricity prices of the next day, number of reefers, PEVs plugged to port electric system, ambient temperature, power production by wind parks operated by the port etc. Moreover, data obtained by real-time measurements should be also available for the adjustment of the power demand set-points obtained by port operation DAS e.g. real time measurements of wind power production, power system frequency measurements if the port provides frequency support to the power system, actual electricity prices etc. Port operation DAS is a quite complex problem and constitutes future work that will be integrated with the presented control method.
Future work that could be combined with the proposed control method is briefly described next.
1) Development of port operation DAS algorithms and integration with the proposed real-time port power demand control.
2) Investigation of the flexibility that port electric cranes could provide to port electric power system and their possible integration to the proposed control method.
3) Development of suitable models for the estimation of cold storage capacity of large port warehouses, the flexibility they could provide to the system and their integration to the proposed algorithm.
4) Exploitation of parameter estimation techniques for the minimization of the estimation errors obtained by the models of the port power system components. Simple heuristic algorithms like Particle Swarm Optimization have been proved very efficient in similar problems and can be easily implemented with low requirements in computation capacity and time. However, it should be noted that the accuracy of flexibility estimation would be slightly affected as very short term estimations are required.
VII. CASE STUDY
The proposed method was applied to a typical, large port comprising 3000 reefers and 2500 PEVs. Except from the EVs used for port operations it was assumed that the examined port comprises several parking lots hosting PEVs, which are not used for port operations, from the surrounding area. In this case study, 10 reefer and 25 PEV clusters were used. The number of the used clusters depends mainly on the size of the port (number of controlled components), its topology (proximity of the clusters) and the available communication technologies and infrastructure. Moreover, it is assumed that the port owns and operates a nearby off-shore wind park of 12MW nominal power.
The parameters of reefer internal temperature variation model adopted in this study are given in Tables 1 and 2 . Two types of refrigeration system and two reefer sizes (20 and 40ft length) are considered. Twenty types of reefer content with different temperature set-points and allowable variation ranges were considered. Four different types are considered for the PEVs hosted into the electrical facilities of the port. An average battery capacity of 25kWh and an average nominal charging/discharging power of 4.5 kW are assumed. The efficiency of charging (n ch ) and discharging (n dis ) modes of operation is assumed 90%.
The proposed control system has been applied to the port described above and its operation was simulated for three scenarios. In the first scenario, the set-point of the virtual wind park power production is derived by the application of a rate of change limiter to the forecasted one while in the second scenario the set-point equals the forecasted average value of the produced power over the next hour. In the first two operation scenarios, a 6-hour simulation period was used and it was divided in time intervals of one-minute duration. In the third operation scenario, the capability of the examined port power system controller to support frequency when the port is connected to a weak electric power system is examined. In this case, a 5-min simulation period was used and it was divided in time intervals of one-sec duration. In Figs 7-13 , the results obtained for the first operation scenario are shown. The actual wind park power production, its one-minute ahead forecast and the set-point of the virtual VOLUME 5, 2017 FIGURE 8. Wind park power production set-point and virtual wind power production (first operation scenario). wind park power production are shown in Fig.7 . In this case study, a limit for wind power production rate of change of ±1.2MW/h has been applied. This limit corresponds to a maximum rate of change of the produced power equal to 10% of wind park nominal power per hour. The goal of the proposed control system is to ensure that virtual wind park power production (actual power production aggregated with the applied change of port flexible load) follows closely wind park power production set-point.
The comparison of wind park virtual power production and its set-point is given in Fig. 8 . It is obvious that wind park virtual power production follows closely its set-point. Small deviations from the set-point occur due to the wind power production forecast errors.
Total power demand of reefers is shown in Fig. 9 . It is obvious that reefers consume considerable amount power at the beginning of the simulation period. Afterwards, their consumption is considerably reduced as their internal temperatures are adequately reduced at the first two hours of operation. After the fourth hour, they start again to consume power in order to refrigerate their content.
The total power consumed by the PEVs is shown in Fig. 10 . A simple comparison of Figs 9 and 10 demonstrates clearly that the response to the fast wind power variations is mainly provided by the PEVs, which are proved in this case more flexible to change their power demand than the reefers.
In Fig. 11 , the total flexibility -power demand change curves measured at the end of the first, third and sixth hour of operation are shown. It is apparent that the obtained curves are not symmetrical. This can be attributed to reefers' operation characteristics. Reefers are well-insulated and they normally have a relatively small utilization factor as they require short refrigeration periods. Hence, a small number of reefers operate simultaneously, thus, limiting considerably the total ability of reefers to decrease their total power demand.
In Fig. 12 , total power consumed by reefers and PEVs with and without the application of the proposed method is shown. Moreover, the set-point of port total power consumption is also shown. The set-point of port power demand and the actual port power demand obtained by the application of the proposed method almost coincide and cannot be distinguished in this figure. Hence, the efficiency of port power demand controller is demonstrated in this figure. In case of not applying the proposed control the obtained power demand profile is smooth while the application of the proposed method leads to fast variations that are virtually cancelling the respective variations of wind power production. The net power generation of the port, which is calculated as the wind power production minus port power demand, with and without the application of the proposed control method is shown in Fig. 13 . It becomes apparent from this figure that the major objective to cancel the fast wind power variations is completely fulfilled by the proposed method. In Figs 14-19 , the respective results obtained for the second operation scenario are shown. For comparison reasons, the same wind power production time series is also used in this case. The actual wind park power production, its oneminute ahead forecast and the set-point of the virtual wind park power production are shown in Fig. 14 . The difference in this case study is that the set point of the virtual wind power production is the forecasted average wind power production over the next hour of operation. In Fig. 15 , the virtual power production of the wind park and its set-point are compared. Again, wind park virtual power production follows closely its set-point and the occurred small deviations are attributed to the wind power production forecast errors. In Figs 16-19 , reefers' and PEVs' total power consumption, port total power consumption and port net power generation time series, are shown. The same conclusions with the first operation scenario are also drawn in this case proving again the efficiency of the proposed method.
In the third port operation scenario, the examined port power system is assumed able to support power system frequency. In order to demonstrate more emphatically the capacity of the proposed control method in frequency support the examined port is assumed to be connected to a weak electric power system. In this way, variations of port power demand can lead to considerable frequency variations. A step increase of power system load is applied and the resulting frequency deviations with and without port frequency support ancillary service are simulated. The duration of the time intervals between successive adjustments of port power demand is one sec.
The parameters of power system automatic generation control model (shown in Fig. 5 ) are given in Table 3 . The values of all parameters are suitable for use in per-unit system.
The most significant of the obtained simulation results are shown in . It is assumed that the power system is experiencing a step load increase of 25MW at t = 25s. In Fig. 20 , power system frequency deviation obtained with and without port frequency support is shown. It is obvious that when exploiting port power demand flexibility the maximum frequency deviation from 50Hz is smaller while frequency recovery is faster and smoother.
In Fig. 21 , total port power demand and power demands of reefers and PEVs are shown. The scheduled port power demand of reefers and PEVs is assumed 12MW over the simulation period. It becomes apparent from Fig. 21 that port power demand is reduced fast after the step increase of power system load in order to reduce the resulting imbalance between the input mechanical power of generator prime mover and electric power demand of the system. The above (Fig. 5) .
FIGURE 20.
Power system frequency evolution. observations are also validated by Fig. 22 where the obtained deviations of the input mechanical power of the generator prime mover and port electric power demand are compared with power system load change.
VIII. CONCLUSION
In this paper, an innovative method for efficient, real-time control of large ports comprising a large number of flexible loads is proposed. The proposed control method is based on MAS exploitation. The main reason to choose MAS was the complexity of the examined system and the necessity for a fast and reliable solution. The hierarchical structure of the proposed MAS, the objectives of each agent type and the way they are designed to achieve their goals are presented in detail.
The main targets of the proposed MAS are: 1) realtime control of port flexible loads in a way that fast power fluctuations due to exploited offshore wind resources are cancelled and 2) the satisfaction of a large number of system operation constraints. Moreover, the proposed method has been proved very efficient in providing ancillary services to the power system such as supporting the frequency during sudden load changes. The proposed method has been tested by detailed simulations of a case study representing a large typical port comprising thousands of reefers and PEVs. The obtained results confirm the accuracy of the proposed method as the developed control system leads to very small errors in tracking port power demand set-point. The efficiency of the proposed method is absolutely satisfactory as only three communication rounds between the agents are required. Moreover, the required computation capacity is very small as the major computations required in the proposed method are not demanding in time and capacity. He is currently an Assistant Professor with the School of Production Engineering and Management, Technical University of Crete, where he is involved in the modeling and optimal operation of electric power systems. He has authored over 100 journal publications and conference papers. His research interests include modeling and optimal operation of electric power systems with large RES penetration, optimal power management of electric power systems, and optimal operation and modeling of all electric ship.
